The sequencing of a protein is a complicated issue. Several methods have been developed in order to establish the amino acid sequences of proteins, including Edman degradation, LC/MS/MS and cDNA sequencing. A number of examples confirm that X-ray crystallography could also be a useful tool for the identification of an amino acid sequence of unknown proteins. Here, we present a short review summarizing the application of crystallography for protein sequence determination and identification.
Introduction
The amino acid sequence of a particular protein can be determined using different chemical and biochemical methods, the most popular ones being Edman degradation, liquid chromatography and electrospray ionization tandem mass spectrometry (LC/MS/MS), and cDNA sequencing. Edman degradation was the first approach to be developed. In this method, the single N-terminal residue is chemically labeled, cleaved from the peptide and identified (Edman et al., 1950) . About 40-50 N-terminal amino acid residues can be sequenced with this method; prior to this analysis, the protein is often cleaved into smaller peptides, which makes the determination of the complete protein sequence even more complicated. Moreover, there are some limitations to this method: if the N-terminus is blocked or buried in the protein molecule, the Edman procedure will not work. The other disadvantage of this technique is its high cost (Hou et al., 2007) .
The first step in sequencing by LC/MS/MS is also enzymatic digestion of a protein polypeptide chain into short peptides. The peptides are separated using a reversed-phase LC (liquid chromatography) column and their tandem mass spectra are recorded and used to search protein sequence databases in order to identify the unknown sequence (McCornack et al., 1997) . The main limitation of this method is the content of the databases. A protein can be identified with the LC/MS/MS approach only if its amino acid sequence has been previously deposited in the selected database(s).
cDNA sequencing is another popular method, but it deduces the protein amino acid sequence from the coding sequence of the corresponding DNA. Typically, the sequence information is obtained from the messenger mRNA transcript coding for the protein in question. The enzyme reverse transcriptase is used to obtain the complementary cDNA which is then sequenced with standard DNS sequencing techniques (Gubler and Hoffman, 1983) . It should be emphasized that this method requires the isolation of the mRNA transcript.
Although the main application of macromolecular X-ray crystallography is the determination of protein 3D structure, it is also a powerful tool for protein sequencing and identification, especially at high resolution. This review presents several examples of successful identification of protein amino acid sequences using X-ray crystallography. Selected publications describing protein sequencing based on electron density maps are shown in Table 1 .
Historical background
Almost from its inception as a method for protein structure determination, X-ray crystallography has also been used as an auxiliary method for resolving sequence- Identification of amino acid sequences via X-ray crystallography: a mini review of case studies 11 related ambiguities. A case in point is the story of the hen egg lysozyme (HEL) which has been extensively studied over recent decades. The complete amino acid sequence of this protein was reported simultaneously but independently by two research groups (Canfield, 1963; Jolles et al., 1963) . However, there were several differences at a number of key positions. The determination of the lysozyme crystal structure (Blake et al., 1965; Diamond, 1974) confirmed that the proper sequence was that described by Canfield (1963) . It is noteworthy that the hen egg lysozyme was only the third protein to have had its three-dimensional structure determined with X-ray crystallography. Another interesting example is the case of concanavalin A, a well-known lectin isolated from jack-bean. Its crystal structure was solved in 1972 at 2.4 Å resolution (Hardman and Ainsworth, 1972) . Not much had been known about its amino acid sequence before the 3D structure determination. Four of its peptides had been sequenced, but this covered only 15% of the total protein sequence. The crystallographic electron density maps provided the missing information about the unknown parts of the amino acid sequence (Hardman and Ainsworth, 1972) . A similar situation was described for yeast hexokinase B, for which only two short peptides had been sequenced chemically, and the first complete amino acid sequence was established via visual inspection of the electron density maps (Anderson et al., 1978) .
Identification of an amino acid sequence from electron density maps
At present, advancement in the technology of recombinant protein expression has made this approach the method of choice for protein production. In this scheme, especially in high-throughput genomic approaches, a protein sequence deduced from cDNA sequence is a convenient by-product of the methodology. However, some projects still rely on proteins isolated from their natural source, especially when the coding sequence is unknown. In such cases, X-ray crystallography provides not only information on the 3D structure, but often also on the amino acid sequence. In recent years, X-ray crystallography has significantly contributed to the amino acid sequence determination of proteins isolated from different sources, including microbes (Hilge et al., 1998; Lunin et al., 2004; Natesh et al., 1999; Rojas et al., 2004; Wei et al., 1999) , plants (Gan et al., 2004; Hou (Pietrzyk et al., 2012; 2013; Romijn et al., 2001) . It is noteworthy that for most of the proteins mentioned above, information on their amino acid sequence was not provided in the available databases. On the other hand, it does sometimes happen that the available sequences are not accurate, as illustrated by two cases studied in our laboratory. In those cases, the two most abundant proteins were isolated from the hemolymph of the mulberry silkworm (Bombyx mori) as unknown proteins. Furthermore, the result of LC/MS/MS analyses for one of them was incorrect (Pietrzyk et al., 2011), because the database search did not include the Silkworm Knowledgebase (Duan et al., 2010) , where the proper sequence was deposited. The final identification of both was performed according to electron density maps, which classified these proteins as lipoproteins Bmlp7 (Pietrzyk et al., 2012) and Bmlp3 (Pietrzyk et al., 2013) . Although the amino acid sequences of both proteins share 94% similarity and their structural similarity is also high (Fig. 1) , the electron density maps indicated differences in residue side chains (Pietrzyk et al., 2012; 2013) .
Another advantage of crystallographic sequencing is that electron density maps of natural macromolecules can provide crucial information on post-translational mo- Fig. 2 . The chromophore of GFP is formed from three residues: threonine, tyrosine and glycine (PDB code: 1EMA; Ormo et al., 1996) difications of the polypeptide chain. These include conjugation of the side chains with signaling molecules, such as phosphate, carbohydrate or methyl groups, or even more radical chemical modifications. An excellent example of such a case is the elucidation from a crystallographic structure of the post-translational chromophore (Fig. 2) formation in the green fluorescent protein, GFP (Ormo et al., 1996; Yang et al., 1996; Palm et al., 1997) . It is also possible to deduce the nature of chemical modifications by a combination (usually complicated) of spectroscopic and mass spectrometric methods. However, the crystallographic evidence, especially at high resolutions, is straightforward and even if ambiguous, it can provide hints for further analyses by complementary methods.
Furthermore, some sequences available in the databases contain errors. The amino acid sequence of brefeldin A esterase was determined based on its cDNA sequencing. Brefeldin A esterase is an enzyme isolated from Bacillus subtilis, which is capable of hydrolyzing brefeldin A, a lactone antibiotic produced by fungal organisms. The protein was obtained using the original cDNA and its crystal structure revealed significant discrepancies between the sequence from the database and the side chains visible in the electron density maps. The errors were tracked down to erroneous insertions or deletions of C or G nucleotides during the cDNA sequencing experiment (Wei et al., 1999) .
In addition, the initial sequence obtained from electron density maps can be used for designing specific primers to be utilized in further gene recombination experiments. The gene sequence can be then derived from genomic DNA following a standard PCR reaction. Such an approach worked perfectly for β-mannanase from T. fusca (Hilge et al., 1998; and β-galactosidase from Penicillium sp. (Rojas et al., 2004 ).
Nevertheless, it should be emphasized that sequencing from electron density maps should be confirmed by alternative methods. The simplest way for protein identity confirmation is N-terminal sequencing or LC/MS/MS analysis. The database hits so obtained can then be checked against the sequence derived from crystallography to clarify ambiguities, correct errors, or provide final confirmation. Table 1 shows whether additional analyses were performed for each of the discussed proteins.
Another possibility to corroborate X-ray sequence determination is through multiple sequence alignment, using either proteins of homologous sequences or those belonging to the same family. For example, the monoclonal antibody RU5 was produced in mice and its complete amino acid sequence was unknown, since information on the variable domain was missing. When the crystal structure of the complex between RU5 and domain A3 of the von Willebrand factor was solved, the amino acid sequence of the variable domain of RU5 was determined by "electron density sequencing" combined with sequence alignment of 110 different antibodies (Romijn et al., 2001) . A comparison of a number of related sequences enables the identification of conserved residues, as demonstrated by the cases of luffaculin I (Hou et al., 2007) , xylanase (Natesh et al., 1999) , β-galactosidase (Rojas et al., 2004) and silkworm lipoproteins (Pietrzyk et al., 2012; 2013) .
The main criteria, the advantages and disadvantages of sequencing based on electron density maps
The amino acid sequence obtained with X-ray crystallography is reliable if several conditions are fulfilled. Most importantly, the resolution of the X-ray diffraction data should be reasonable; the resolution of the cases discussed in this review ranges from 2.5 to 1.3 Å. However, even 3.0 Å data could also be useful for verification of whether large side chains (mainly aromatic residues) have been modeled correctly. The differences between electron density maps at high and low resolution are shown in Figure 3 . The quality of X-ray diffraction data is another important factor. By eliminating noise from Fig. 3 . This figure presents different shapes of electron density maps at 1.3 Å (A) and 2.9 Å resolution (B). The 2Fo-Fc maps are displayed in blue at the 1.0σ level and the Fo-Fc maps are displayed in green at the 3.0σ level. In both cases, the central leucine residue should be changed to phenylalanine. Both the presented protein fragments are initial models of two silkworm proteins: Bmlp7 (A) (Pietrzyk et al., 2012 ) and a high molecular weight lipoprotein (unpublished data) the input data, one tends to obtain clearer electron density maps, which obviously aids the interpretation process. Finally, a comparison of electron density corresponding to two or more protein molecules, if present in the asymmetric unit, or a comparison of protein molecules in different crystal forms is extremely helpful at ambiguous sites. At a high resolution, some ambiguities, such as for the Val/Thr pairs, can be resolved when the chemical environment of the residue is being analyzed. Taking everything into account, on average, more than 80% of all amino acid residues can be unequivocally assigned on the basis of electron density maps (Hou et al., 2007) . The main advantage of sequencing based on electron density maps is that this approach does not require additional experiments, since each 3D structure also contains information on the protein's primary structure.
Considering the disadvantages of sequencing by X-ray crystallography, it should be pointed out that the most problematic positions are Asx and Glx. A clear-cut distinction between Asn and Asp, or Gln and Glu is often almost impossible, although even in such close cases help can be obtained from the analysis of H-bonding networks (the NH 2 group can only act as a donor) or (with high resolution data) from the analysis of the atomic displacement parameters (ADPs or temperature factors), which should have a balanced distribution (for properly assigned atom types) rather than a jumpy pattern. A serious problem arises from the fact that residues located at the protein surface are often disordered and have poor electron density, making their identification extremely difficult. Nonetheless, X-ray crystallography has significantly contributed to amino acid sequence assignment and to the identification of novel proteins with unknown primary structure.
